Patients with schizophrenia demonstrate impairments indicative of an inability to accurately monitor internally generated images. Motor imagery measures the ability to generate internal images of intended but not executed motor movements. Ten patients with schizophrenia completed actual and imagined versions of a pointing task with a well de¢ned speed^accuracy trade-o¡ function. For controls, movement time increases as target size decreases for both actual and imagined movements.
INTRODUCTION
Recent research in schizophrenia has suggested that many of the first rank symptoms of the disorder, for example the socalled delusions of control in which the patient believes external forces are controlling their thoughts or actions [1] , can be characterised as impairments in reality monitoring or the self-monitoring of internally generated thoughts and actions [2] [3] [4] . A self-monitoring deficit, which manifests as an inability to recognise one's thoughts or actions as their own, may also be usefully applied to the phenomenon of auditory hallucinations (i.e. the inability to recognise internal speech as self-generated) [5] . However, patients with schizophrenia represent a heterogeneous group, demonstrating impairments of attention, memory and executive functions [1] . Thus, one difficulty in assessing the hypothesis that patients with schizophrenia have an impairment in self-monitoring their own intentions and actions is that the tasks typically used to assess this possibility also tap into the same range of cognitive functions that are impaired in these patients.
One attempt at parsimoniously explaining the range of symptoms and cognitive impairments in patients with schizophrenia suggests that the disorder reflects abnormal functioning in heteromodal association cortices (e.g. temporo-parietal junction (TPJ), prefrontal cortices) [6] . The TPJ and parietal cortex in general represents an intriguing area for investigation in patients with schizophrenia given that it receives multimodal sensory inputs, is crucial for the control of goal directed actions of the limbs and eyes and plays an important role in corporeal awareness [7, 8] . Furthermore, the left and right parietal cortices make different contributions to cognition, with the left parietal cortex important for processes of language and praxis, while the right parietal cortex is crucial for updating spatial representations and directing attention to relevant stimuli in the environment (although this is all oversimplification, the basic division of functions has been well demonstrated) (for review see [8] ). Previous research has demonstrated impairments in the control of eye movements and covert visual attention in patients with schizophrenia, again suggestive of impairment to parietal lobe function [9] .
Parietal and frontal networks play an important role not only in the control and execution of goal-directed actions, but also in the ability to recognise those actions as belonging to oneself. Recent neuroimaging studies exploring the recognition of actions generated by the self vs others have demonstrated increased activation in parietal and frontal regions known to be crucial for the control of goal-directed actions [10] . Interestingly, when schizophrenia patients with delusions of passivity are asked to distinguish between actions performed by themselves vs an 'alien' hand, they misattribute the alien hand as being their own on 80% of trials [11] . Similar misattributions have been observed in cases where the visual feedback of a movement is delayed or perturbed in its path, suggesting that determining the agent of control of a given action is more difficult for patients with schizophrenia [3, 4] . The question remains as to whether or not this impairment is due to defective use of visual feedback in these patients or whether a more central deficiency in the ability to plan and monitor goal-directed actions causes these misattributions.
Motor imagery requires subjects to generate an internal image of an intended action and to anticipate the consequences of that action as if it had really been carried out [12] . As such, tasks of motor imagery may provide one means by which the self-monitoring of goal-directed actions can be explored in patients with schizophrenia. Typically, when individuals are asked to imagine making motor movements, the time taken to do so conforms to the same constraints that are evident when they are asked to actually perform the same movement (for review see [12] ). That is, any speed-accuracy trade-off observed for the time to perform actual movements should also be reflected in the time taken to imagine performing the same movements. This is precisely what has been observed in healthy individuals for a range of motor tasks [13] . In the current study we explored motor imagery in a group of patients with schizophrenia to test the hypothesis that the generation of an internal image of intended actions would be impaired in schizophrenia.
MATERIALS AND METHODS
Ten patients (6 male, 4 female; mean age (7 s.d.) 32.1 7 8.1 years) with a DSM-IV diagnosis of schizophrenia participated in this study after giving consent. All patients had normal or corrected to normal vision and nine of the ten patients were right handed as determined by the Edinburgh Handedness Inventory [14] (patient 10 was considered ambidextrous). All patients were receiving antipsychotic medication at the time of testing ( Table 1) .
The visually guided pointing task (VGPT) requires participants to make five pointing movements quickly and accurately between two targets [15] . Both speed and accuracy were emphasised equally. Patients made their pointing movements holding a stylus (a standard ballpoint pen) so that end-point accuracy could be measured. Fitts' law [15] states that movement duration (MD) will be determined by a combination of the amplitude of movements (A) and the width of targets (W), expressed as an index of difficulty (ID) according to the following logarithmic law: ID ¼ log 2 (2A/W). According to Fitts' law, MD should increase linearly as the ID increases. In other words, as target size decreases MD should increase. This effect has been shown to be robust, requiring small numbers of subjects and very few trials per subject [13] .
For actual movements, patients pointed between open target circles of 5.5, 13 and 26 mm in diameter (Fig. 1) . The two target circles in a given trial were always of the same diameter. The centre-to-centre distance of the circles was held constant at 106 mm to ensure that the same amplitude of movement was required for each target size. Patients began their pointing movements from a cross, presented midway between the circles and 75 mm below them (Fig. 1 ). They were instructed to make their first pointing movement towards the right target circle and finish with their last movement on the left target circle. Movements commenced on a go signal from the experimenter with MD recorded via a conventional stopwatch. The experimenter was blind to the stopwatch display during movement execution. Patients completed five trials per target with the order of targets randomised. For imagined movements, patients were instructed to imagine making rapid and accurate pointing movements between the same targets they had actually pointed to previously. Speed and accuracy were emphasised equally and patients were also instructed to imagine their moving hand as vividly as possible. For imagined movements, the patients held a stopwatch in the hand they were not using to imagine making the pointing movements and commenced timing their imagined movements on a go signal from the experimenter. The patient then stopped timing the movement when they had finished imagining all five movements between the targets. This was done to eliminate any possible experimenter bias in data collection. No patient had any difficulty with this part of the task. In addition to measuring imagined movement time, a second observer carefully monitored eye movements during the imagined task. As it is impossible to know whether patients are complying with instructions in an 'imagined' task of this kind, eye movements were observed as a means of ensuring that the task was performed in an 'equivalent' manner across trials. That is, although it was not possible to determine whether patients did indeed imagine making five pointing movements between targets, an equivalent number of eye movements across trials would at least suggest that the patient performed the imagined task in a consistent manner (i.e. assuming that an eye movement indicates that the subject is imagining making a pointing movement towards the same target to which the eye movement was directed).
For each patient, mean MD was calculated for each target over the five trials. For actual movements, trials were excluded if the patient did not reach a criterion of 95% accuracy as determined by the end points of their movements (i.e. a movement was considered inaccurate if the end point did not fall within the target circle). Less than 1% of trials were excluded on this basis. Group mean MD was then submitted to a 2 (task; imagined vs actual) by 3 (target) repeated measures ANOVA to first determine whether there was an effect of target size on MD. Logarithmic and linear regression lines were then used to model the relationship between MD and target size for both actual and imagined movements separately. Imagined and actual MDs were also correlated for each patient separately, to explore whether their performance on the imagined movements task reflected their performance of actual movements. To directly compare the actual and imagined movements, regression lines were fitted to each individual's data separately. The y intercept (a measure of general speed) and slope (a measure of the strength of the relationship between MD and target size) of these equations were treated as dependent variables and were compared using paired samples t-tests.
RESULTS
ANOVA indicated significant main effects of task (F(1,9) Table 2 .
This analysis indicated a significant fit for the actual data for linear and logarithmic equations, although the r 2 value for the logarithmic equation indicated a better fit to the data. When data is organised according to target width this is precisely what Fitts' law would predict. Neither the linear nor the logarithmic lines of best fit were significant for the imagined movements condition ( Table 2) . Group data are presented in Fig. 2 .
Correlations between actual and imagined movements were made for each patient separately. Unsurprisingly, no patient demonstrated a significant correlation between actual and imagined movements. Comparison of the yintercepts and slope for actual and imagined movements revealed significant differences (y-int, t(9) ¼ 6.47, p o 0.01; slope, t(9) ¼ 5.53, p o 0.01). The lower y-intercept for imagined movements indicates that in general these movements were faster than the actual movements, while the higher mean slope for actual movements when compared with the slope for imagined movements confirms the significant relationship between MD and target size that was observed for actual movements only (Fig. 3) .
The reduced duration of imagined movements may suggest that patients did not imagine making the full five Table 2 . Linear and logarithimic regression equations for both actual and imagined movements for each patient and for the group as a whole.
Patient
Actual movements Imagined movements
*Indicates the regression equation that best accounts for the data for each patient and the group as indicated by a higher r 2 value. Note that patients 2, 5 and 9 did not show a signi¢cant relationship for their actual movements, although patients 5 and 9 approached signi¢cance. No patients showed a signi¢cant linear or logarithmic relationship for imagined movements.
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movements as instructed. However, analysis of the number of eye movements made during the imagined movements (Table 1 ) revealed a generally uniform number of eye movements were made while patients imagined moving to the different target sizes. That is, patients made the same number of eye movements when they imagined moving to the small target as they did for the middle-sized and large targets. Furthermore, there was no substantial inter-subject variability in the number if eye movements made (Table 1) . At the very least, this suggests that patients were performing their imagined movements in an equivalent manner across the different target sizes. In other words, if the patients were able to accurately imagine making pointing movements to the different target sizes then a speed-accuracy trade-off should have been observed irrespective of the actual number of movements they did imagine making.
No significant correlation between symptom profile and the relationship of imagined to actual movements was observed.
DISCUSSION
The current group of patients with schizophrenia were able to demonstrate a reliable speed-accuracy trade-off for actual movements made to targets of various sizes. The ability to demonstrate an expected pattern of performance for actual movements has been demonstrated previously in patients with schizophrenia for a range of different motor tasks [16, 17] . Despite showing the expected speed-accuracy trade-off for actual improvements, the duration of the imagined movements of the patients showed no reliable relationship to target size. This was true for each patient and was independent of symptom profile. This suggests that the patients had difficulty in generating or making use of an internal model of their intended movements. The symptom profiles of the patients in this study were heterogeneous (Table 1) . To date, the hypothesis that many of the symptoms characteristic of schizophrenia can be explained by poor reality monitoring has been restricted to the first rank or positive symptoms of the disorder [1] [2] [3] [4] [5] . It is possible, however, that a more general impairment in the ability to generate and/or make use of internal models of actions is evident in patients with schizophrenia, independent of symptom profile. Further research on larger groups of patients will be needed to explore this possibility.
The difference between the duration of real and imagined movements in the present group of patients raises the possibility that they were not performing the imagined motor task correctly. However, several aspects of the results suggest otherwise: first, the number of eye movements patients made did not vary significantly across target sizes. This suggests that at the very least, patients performed the imagined movements in an equivalent manner for all target sizes (i.e. assuming that an eye movement indicates that the patient is imagining pointing to a target). The difference in the overall timing of the imagined movements may instead reflect a poor ability to estimate time in these patients. That is, the patients may not have been able to accurately estimate the time it takes to make movements irrespective of the accuracy constraints imposed on a given movement by the different sized targets. It may be the case that impairments in time estimation and forward modeling of intended movements have an additive effect in patients with schizophrenia. What the current results demonstrate is that for this group of patients there was a clear impairment in the ability to anticipate the consequence of imagined movements relative to the different target sizes. Whether or not this deficit is due primarily to impairment in the forward model of movements, poor ability to estimate time or a combination of the two is a matter for further research.
The deficit observed in the patients with schizophrenia mirrors, to some extent, similar deficits observed in patients with lesions of the parietal cortex [18, 19] . Patients with lesions of posterior parietal cortex do not show the expected speedaccuracy trade-off for imagined movements. This deficit for imagined movements has been observed following both left and right parietal lesions and can be independent of the limb used to imagine making the movements (although more superior parietal lesions are likely to lead to impairments that are restricted to the contralesional limb and/or contralesional space) [18, 19] . Patients with lesions of the motor strip do not demonstrate such impairments in imagined movements [20] . That is, the motor impairments observed in a patient with a lesion of the primary motor cortex were mirrored in the imagined movements made by the patient, suggesting the patient was able to accurately generate an internal image of goal-directed actions (i.e., imagining movements that were as 'impaired' as the patient's real movements were). Taken together these results suggest that the posterior parietal cortex is crucial for generating and making use of forward models of intended actions, as well as in updating spatial representations as a consequence of those actions. Therefore, the impairment observed in the schizophrenic patients in this study probably reflects compromised functioning of the posterior parietal cortex.
Monkey neurophysiology research also implicates the posterior parietal cortex in the ability to make use of internal models of actions. Duhamel and colleagues [21] used a double-step saccade task, in which the monkey is required to saccade towards two sequentially presented targets. Both targets are presented within 140 ms, ensuring that the animal is unable to program the saccade to the second target based on retinal information alone. Instead, the second saccade must be programmed on the basis of the anticipated end point of the first saccade. Duhamel and colleagues found increased firing rates in neurons of the lateral intraparietal region (LIP) during this task suggestive of a role in updating spatial representations [21] . More interestingly for the current set of results, Duhamel and colleagues [22] demonstrated an impairment on the double-step saccade task in a patient with a lesion of the right fronto-parietal cortex. Their patient was unable to acquire the second target when the first saccade was made to a target in contralesional space. Given that the second saccade was made towards a target in ipsilesional space (i.e. where the patient demonstrated normal saccade metrics for single targets), the patient's impairment could not be explained simply in retinotopic terms. Instead, the authors suggested that the impairment represented an inability to remake use of a forward model of the initial contralesional saccade in order to program the second ipsilesional saccade [22] . Once again this highlights the role the posterior parietal cortex plays in anticipating the consequence of goal-directed actions.
Research that has explored the structural architecture of the brains of patients with schizophrenia has demonstrated consistent differences in a variety of regions including the ventricles, temporal and frontal cortices [23, 24] . These studies have also demonstrated structural abnormalities in parietal cortex, particularly in the association region of the inferior parietal lobes. While some of these studies find parietal abnormalities are restricted to the left parietal cortex, others find bilateral structural abnormalities. A recent study making use of a novel MRI technique found small differences in the posterior parietal cortex bilaterally in patients with schizophrenia [24] . Furthermore, this difference correlated significantly with higher levels of negative symptoms [24] . While bilateral abnormalities are observed when structure is analysed the picture is not as clear when exploring functional capabilities in patients with schizophrenia. A recent study investigating the control of movements in patients with schizophrenia demonstrated greater impairments for left hand movements [25] . The poorer performance for left-handed movements also correlated with neurological soft signs, which have been hypothesised to rely on right hemisphere function [25] . Clearly, further research is required to determine not only the nature of any impairments of motor control in schizophrenia, but also to determine the extent to which changes in the functioning of the left and right parietal cortices contributes to the characteristic symptomatology of the disorder.
The current experiment demonstrated impaired motor imagery in a heterogenous group of schizophrenia patients. The poor relationship between imagined movement duration and target size in this patient group is due to an inability to generate or make use of forward models of intended movements, probably reflective of compromised functioning in the posterior parietal cortex.
CONCLUSION
In a small group of patients with schizophrenia we have demonstrated an impairment in the ability to generate or make use of internal models of intended actions. This impairment is likely to reflect dysfunction in parietal association cortices that have been shown to be crucial for making use of forward models of goal-directed movements. Several important questions remain to be addressed. Namely, is the impairment observed in the current group lateralised to movements of the right hand or more generalised for any movements? What role, if any, does time estimation play in the ability to imagine movements? Finally, how does the ability to generate and make use of internal models of action relate to specific symptom profiles in schizophrenia? Many of these questions will require larger groups of patients to adequately address the issues at hand. What is clear from the current set of results is that patients with schizophrenia have difficulty generating or making use of forward models of goal-directed actions.
